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Introducing Molecular Flexibility in Efficient Simulations of Many-
Protein Systems
Vera Prytkova1, Matthias Heyden2, Douglas Tobias1, J. Alfredo Freites1.
1Chemistry, University of California, Irvine, Irvine, CA, USA, 2Max-Planck-
Institut fu¨r Kohlenforschung, Mu¨lheim an der Ruhr, Germany.
A novel multiple conformations Monte Carlo (mcMC) computational method
is presented that allows the modeling of protein-protein interaction and aggre-
gation. Such processes are relevant in realistic biological environments, such as
the cytoplasm and the extracellular matrix, which are characterized by high
concentrations of biomolecular solutes, e.g. of 300-400 mg/mL for proteins
and RNA in the cytoplasm of E. coli. Simulation of such environments neces-
sitates the inclusion of a large number of protein molecules and therefore
computationally inexpensive methods, such as rigid-body Brownian dynamics
(BD) and Monte Carlo (MC) methods, must be used. However, the rigid-body
representation typically employed in simulations of many-protein systems give
rise to certain artifacts in protein-protein interactions. We present a methodol-
ogy that allows us to incorporate molecular flexibility in MC simulations at low
computational cost, and thereby eliminate ambiguities based on the structure
selection in rigid molecule simulations. We benchmark and validate the meth-
odology on solutions of hen egg white lysozyme (HEWL), an extraordinarily
well-studied system for which extensive experimental data, including osmotic
virial coefficients, solution structure factors, and multiple structures determined
by x-ray and neutron crystallography and solution NMR, as well as previous
BD simulation results, are available.
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Docking and Design of Oligosaccharides, Glycoproteins, and Glycolipids
Jason W. Labonte, Jeffrey J. Gray.
Chemical & Biomolecular Engineering, Johns Hopkins University,
Baltimore, MD, USA.
Carbohydrates are infamously challenging to model, yet they affect protein
structure, stability, and activity. We are developing accurate and fast methods
of modeling and designing carbohydrates for applications in glycobiology. We
have built a framework within the Rosetta structure and design suite for
modeling saccharide ligands and complex glycoconjugates. Our intuitive and
efficient data structures allow access to all torsion angles (4, c, u, and c)
and Cremer–Pople parameters for sampling ring forms and capture the high de-
gree of flexibility, stereochemistry, and branching in carbohydrates. Rosetta’s
flexibility and speed enable modeling of any glycan-containing molecule in
docking and refinement protocols through exploration of this vast torsional
and ring-conformational diversity.
Rosetta’s residue-centric approach, coupled with combinatorial ‘‘patching’’ of
standard residues with specific functional groups, allows for design algorithms
that sample alternative saccharide units, enabling high-throughput screening of
thousands of protein variants and glycoforms in a search for stable or functional
molecules.
Here, we will report three studies benchmarking monosaccharide ring confor-
mations, oligosaccharide structure prediction, and bound–bound protein–oligo-
saccharide docking. We explore the relative energy surfaces of the ring forms
of all D-aldohexopyranoses; we examine predicted structures of two LewisX
oligosaccharides; and we compare the docking predictions of eleven anti-
body–glycoantigen pairs with known structures. These studies will allow us
to rigorously test the Rosetta scoring (energy) function, to adapt it to the unique
chemical effects of sugars.
We will also present preliminary real-world applications in antibody accessi-
bility for glycosylation enzymes, x-ray crystal refinement of an extensively gly-
cosylated HIV-1 envelope protein trimer, and the activity of glycosylated
carboxylesterases.
These new approaches will provide glycobiologists and glycoengineers a new
computational toolbox, further the understanding of the biomolecular mecha-
nisms of disease, and create opportunities for a wide range of previously intrac-
table studies.
Computational Methods and Bioinformatics
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The development and application of fluctuation theories over the past 20 years
are promising ways to model the time-dependence of coupled reactions acrosslarge time scales with the same rigor as mass action-based kinetic simulations.
Here, we report the progress that has been made in modeling metabolism with
fluctuation theory. The basic concept that is that, instead of setting rate con-
stants and sampling for steady-state concentrations and fluxes, we set chemical
potentials and sample for rates, fluxes and concentrations. The assumption
inherent in the use of the standard chemical potential for modeling reactions
is that each change of state occurs with a probability proportional to the ther-
modynamic driving force for the respective reaction. In regions of state space
where the linear free energy relationships exist, this is an excellent assumption.
Applications to the central metabolism of microbes are discussed, including the
niche-specific thermodynamics of the TCA cycles of the heterotroph E. coli, the
cyanobacterium Synechococcus sp. PCC 7002, and the green sulfur bacterium
Chlorobium tepidum. The TCA cycle of E. coli functions in an environment in
which the breakdown of saccharides is used to provide energy for cellular
growth and maintenance. The cyanobacterial TCA cycle, in contrast, functions
in an environment in which photosynthesis provides a significant amount of
NADPH and ATP necessary for growth, yet despite high ATP and NADPH
concentrations the TCA cycle in cyanobacteria must be able to produce three
carbon precursors for anapleuritic reactions necessary for synthesis of biopoly-
mers. The reductive TCA cycle of C. tepidum functions in a low oxygen envi-
ronment and uses sulfide and thiosulfate as electron donors and CO2 as a carbon
source. Green sulfur bacteria such as C. tepidum only contain photosystem I,
which produces large amounts of ATP and reduced ferredoxins.
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In light of recent high-resolution cryo-electron-microscopy (cryo-EM) structures
of large complexes,modeling atomcoordinates into cryo-EMdensities faces new
challenges. Though high-resolution structures provide more data, finding the
best-fitting structure with current refinement methods is more difficult with
increased resolution, because theused refinement potentials becomemore rugged
the higher the resolution. Currently used refinement potentials are defined by
empirically chosenmeasures of similarity between a calculated cryo-EM density
and the given experimental map, e.g. cross-correlation or absolute distance.
Here, we present a new refinement potential that is based on a statistical physics
model of the cryo-EM measuring and reconstruction process using Bayesian
statistics. Our method contains previously previously developed algorithms
as limiting cases.
The minima of the refinement potential and its shape both influence the effi-
ciency of the refinement algorithm; a smoother energy landscape allows a
more efficient exploration of the minima, i.e. fitting structures, in this land-
scape. Compared to earlier methods, our refinement energy landscape is
smoother, allowing more efficient sampling of the energy landscape. Further,
our refinement protocol provides an appropriate refinement force constant
and takes into account the thermal fluctuation of the atoms. Additionally, our
algorithm allows us to generate molecular dynamics ensembles that represent
the simultaneous input from multiple cryo-EM maps.
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Applying Derivative-Free Optimization to Fit Kinetic Parameters of Viral
Capsid Self-Assembly Models from Multi-Source Bulk in vitro Data
Lu Xie, Gregory Smith, Russell Schwartz.
Carnegie Mellon University, Pittsburgh, PA, USA.
Virus capsid assembly has been a powerful model system for biological self-
assembly in general due to the combination of experimental tractability but
complicated pathway space. Detailed experimental resolution of viral assembly
processes, however, has so far proven impossible. Computational approaches
have provided a solution, allowing us to learn models of assembly consistent
with indirect experimental measures of bulk in vitro assembly and thus fill
the gaps between coarse-grained experimental measurements and detailed
theoretical models. Nonetheless, accurate simulation predictions rely on build-
ing accurate models, which has proven to be a challenging data-fitting problem
due to the high computational cost of simulating capsid assembly trajectories,
high stochastic noise inherent to the system, and limited and generally noisy
experimental data available. Here, we describe progress in learning accurate ki-
netic models of capsid assembly systems by computationally fitting assembly
simulations to experimental data. We previously developed a heuristic optimi-
zation approach to learn rate parameters of coat-coat interactions by mini-
mizing the deviation between real and simulated static light scattering
measurements. We now show that one can substantially improve fitting to light
scattering data using an alternative class of methods called derivative-free
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Simultaneously, simulated exploration of potential alternative sources of exper-
imental data for monitoring bulk assembly (e.g, non-covalent mass spectrom-
etry) suggest that other feasible technologies providing richer data on
assembly progress can more precisely pin down true parameters and assembly
pathways. Advancing such simulation-based data fitting methods provides a
general technology for greatly enhancing our ability to learn fine-scale details
of complex assembly processes from experimental data, a strategy with poten-
tial application to developing accurate quantitative models of numerous other
assembly systems found through biology.
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The extracellular matrix (ECM) is an assembly of proteins that surround cells,
and serves as the cell substrate in vivo. A primary component of newly synthe-
sized ECM is the fibronectin (FN). Despite many years of research, the mech-
anism of FN assembly is still not completely understood. While it is recognized
that FN assembly requires application of traction force to expose a buried FN-
FN binding site, such a site has never been elucidated. We hypothesize that as-
sembly of fibronectin (FN) fibrils is a complex event: each of the 15 Type III
domains in FN is made up of a sandwich of 7 beta strands; when relaxed,
the Type III domains are folded such that the beta strands are twisted, blocking
the non-specific binding of other proteins. Application of force straightens
these beta-strands, allowing for binding of other FNs via a beta-strand addition
mechanism. This suggests that all 15 domains are capable of binding FN mol-
ecules in a growing fibril. To investigate this hypothesis, we present a mecha-
nistic computational model of cell/FN/substrate biomechanical interactions,
which accounts for the unique, nonlinear mechanical properties of each domain
and the stochastic binding between molecular clutches and the moving actin
bundle. Monte Carlo simulations predict that increasing substrate stiffness
leads to longer and thicker fibrils. Additionally, the model demonstrates com-
plex time-dependent dynamics governing the size of the growing fibril, the do-
mains’ stiffness, and traction forces; that is, at low force, a small subset of
domains open, allowing for minimal fibril assembly, while large forces unfold
a considerable fraction of domains and create large, thick fibrils. Simulation
outputs are compared to experimental data in which traction force, FN assem-
bly, and domain opening are quantified using microfabricated pillar arrays and
cysteine-labeling of recombinant FNs with introduced buried cysteines.
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Chemistry and Biochemistry, University of Maryland, Baltimore County,
Catonsville, MD, USA.
A worldwide effort to find renewable alternatives to fossil fuels is underway.
Potential sources of renewable fuel include microalgae. Under certain condi-
tions, these organisms produce large amounts of triacylglycerides (TAGs),
lipids that can be converted to biodiesel. However, the lipid biosynthetic
pathway of microalgae is not fully understood. To better understand the condi-
tions that govern lipid production in microalgae, we employ theoretical and
computational methods to understand the topology, flux and regulatory proper-
ties of the metabolic pathway involved in TAG biosynthesis in microalgae. In
particular, we seek to understand the differences that lead to altered TAG pro-
duction in different microalgal species. We compare a species that naturally
generates large amounts of TAG under stress conditions with a species that pro-
duces comparatively much less TAG under similar conditions. Predictions from
the model will be validated by comparison with in vitro and in vivo experi-
ments. By understanding more about lipid production in microalgae we hope
to guide rational genetic engineering approaches to increase oil production in
these organisms. We anticipate that these studies will ultimately provide in-
sights into lipid biosynthesis for a wide range of other organisms.
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Robust Elastic Network Model: Precise Prediction of Atomic Fluctuations
in Protein Crystal Structures
Min Hyeok Kim, Byung Ho Lee, Moon Ki Kim.
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Elastic network model (ENM) based normal mode analysis has become popular
as its capability and suitability for the study of protein dynamics. However, the
existing ENMs often fail to reproduce the experimentally observed B-factor(i.e., atomic fluctuation) because of oversimplification of their force-fields. In
this work, we have proposed a robust ENM (RENM) in which, for reflecting
inter-connections accused from surrounding molecules in a unit cell, symmetric
constraints based on crystal space group are applied to the representative single
molecule as well as its intra-connections are also represented by using lumped
masses and specific spring constants depending on the types of amino acids and
chemical bonds, respectively. More than 500 protein structures are tested by
RENM. Their results show better agreement with experimental B-factor
without additional computation burden compared to those of traditional
ENM. Moreover, the global spring constant is quantitatively determined as a
function of temperature at 100K and 290K, which enables us to compute
directly atomic fluctuations and vibrational density of state without any fitting
process. Thus, RENM is expected to play an important role in understanding
protein dynamics based on its crystal structure information.
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Understanding protein dynamics through an artificial nanopore has implica-
tions in many areas such as sensing and filtering. Collecting statistical informa-
tion while tracking the movement of a full atomic protein model is
computationally expensive since number of atoms ranges in the thousands.
The need to represent protein with a computationally cost effective model is
imperative, along with understanding its dynamics through the nanopore. In
this work we studied the dynamics of the protein insulin placed near a nanopore
of an electrically tunable semiconductor membrane. Using Brownian dynamics
method we calculated the trajectory of the modeled protein in the electrolyte-
membrane electrostatic potential. The time spent by the protein before a suc-
cessful translocation and the translocation times were both analyzed. Our
results indicate that the localized electric field within the nanopore affects
the movement of the protein. Also, by comparing the results of the full atomic
protein model with a coarse grained model and a single bead model, we eval-
uate which model best approximates the full atomic protein model.
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Traveling Wave Solutions to Reaction-Diffusion Equations based on the
Lambert W Function
Brian W. Williams.
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Non-linear partial differential equations of the ‘‘reaction-diffusion’’ arise in
many areas of biological, chemical and physical science, including the
Burgers-Huxley equation associated with nerve pulses. Solutions to these types
of equations are often found in the form of traveling waves, which in one
dimension propagate over the entire real axis between stable limits for non-
negative time. The generalization of known non-linear model equations con-
tinues to remain of interest.
It is shown here that it is possible to find traveling wave solutions to a gener-
alized group of reaction-diffusion equations of this type, based on a traveling
wave which can be represented in terms of the Lambert W function. This
approach begins by considering the first order differential equation exactly
solved by the traveling wave, and then using an operator approach to construct
a second order differential equation solvable in terms of this traveling wave.
The second-order differential equation can then be compared to the original
partial differential equation after a transformation of the variables.
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Owing to the development of single-particle tracking techniques, it is able to
observe real-time diffusive motions of labelled tiny particles in living cells.
To quantify the diffusion trajectories, the mean-squared displacement (MSD)
analysis is common and conventional. The diffusion coefficient quantified by
the analysis is a good barometer of the mobility. But, in terms of statistical
physics, equilibrium and stationarity are assumed in the MSD analysis. Accord-
ingly, the analysis depends on the statistical ensemble. When diffusive motions
are driven by non-equilibrium and non-stationary fluctuations as the outcome of
biological activity, such fluctuations are averaged and neglected in the MSD
analysis. Such enhanced diffusive motion is called active diffusion. To under-
stand the interaction among diffusive motion, biological activity, and environ-
ment in detail, we should develop a new diffusion analysis theory beyond the
MSD analysis.
Hence, our subject is not an ensemble of diffusion trajectories, only individual
ones. The MSD analysis is based on the hypothesis of a stationary stochastic
